Abstract. Melanoma differentiation-associated gene-7 (mda-7)/interleukin-24 (IL-24), a unique cytokine tumor suppressor, displays ubiquitous antitumor activities and cancerspecific cytotoxicities via multiple signaling pathways. In the present study, we investigated the antitumor effect of adenovirus-mediated IL-24 (AdVIL-24) gene therapy in conjunction with ionizing radiation on CNE-2Z human nasopharyngeal carcinoma (NPC) cells in vitro and in vivo in athymic nude mice, and its potential mechanisms. We demonstrated that AdVIL-24 gene therapy plus ionizing radiotherapy induced enhanced growth inhibition, cell cycle G1 phase arrest and apoptosis in vitro in CNE-2Z human NPC cells and in vivo in CNE-2Z xenografted tumors subcutaneously implanted in athymic nude mice. Mechanistically, AdVIL-24 combined with ionizing radiation led to the substantial upregulation of P21 and P27 cyclin-dependent kinase (CDK) inhibitors, ratio of pro-apoptotic to anti-apoptotic molecules Bax/Bcl-2 and cleaved caspase-3 as well as downregulation of cyclin E and CDK2 in vitro and in vivo in CNE-2Z human NPC cells. Furthermore, AdVIL-24 plus radiation additively reduced the tumor vessel CD34 expression and microvessel density in vivo. More importantly, AdVIL-24 potentially blocked the radiation-induced enhancement of vascular endothelial growth factor (VEGF), a pro-angiogenic factor. The enhanced antitumor activity against NPC elicited by AdVIL-24 gene therapy combined with ionizing radiotherapy was closely associated with the enhanced induction of G1 phase arrest and apoptosis via additive modulation of cell cycle regulatory molecules and activation of intrinsic apoptotic pathways, and the overlapping inhibition of tumor angiogenesis. Thus, our results suggest that AdVIL-24 gene therapy combined with ionizing radiotherapy may be a novel and effective treatment strategy for human NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is a squamous cell carcinoma originating from epithelial cells of the nasopharynx, which is a distinctive type of head and neck cancer (HNC) (1) . Genetic susceptibility and environmental factors such as Epstein-Barr virus (EBV) infection are major causes of NPC (1, 2) . The neoplasm is endemic in Southern China and Southeast Asia (3, 4) , representing a marked ethnic and geographic distribution. The annual incidence rate of NPC still remains very high and peaks at 50 cases per 100,000 people in the prevalent regions (3) . NPC has the highest metastatic potential among HNC. The majority of patients have metastasis to regional lymph nodes or even distant organs at the time of diagnosis (5) . The conventional treatments for NPC involve radiotherapy, chemotherapy and the concurrent combination. However, the 5-year overall survival (OS) rate after treatment is ~70% (6) and has not been significantly improved. Moreover, 30 to 40% patients eventually will relapse with locoregional recurrence and distant metastasis, with poor median survival ranging from 7.2 to 22 months (7, 8) . Hence, the search for novel therapeutic modalities to treat patients with metastatic and recurrent NPC is urgently needed. The intensive multimodality management of standard and novel therapeutic agents may improve the prognosis of NPC.
Melanoma differentiation-associated gene-7 (mda-7)/interleukin-24 (IL-24) is a unique member of the IL-10 family (9), exhibiting ubiquitous antitumor activities and cancer-specific cytotoxicities (10) . IL-24 can strongly suppress tumor growth irrespective of p53 status via induction of apoptosis and cell cycle arrest (10) . IL-24 can also inhibit tumor angiogenesis through direct suppression of vascular endothelial cell differentiation and migration via interacting with the
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IL-22R1/IL-20R2 heterodimeric receptor on vascular endothelial cells (11) , and indirectly downregulating the production of vascular endothelial growth factor (VEGF) and IL-8 pro-angiogenic factors (12) . Furthermore, IL-24 as a pro-Th1 cytokine can display potent immunoactivating property and enhance antitumor immunity by stimulating the production of secondary cytokines such as IL-6, tumor necrosis factor (TNF)-α and interferon (IFN)-γ (13) . In addition, IL-24 can suppress tumor cell invasion and metastasis by reduction of focal adhesion kinase (FAK) and matrix metalloproteinase (MMP)-2 and MMP-9 (14) . Interestingly, IL-24 can induce cytotoxic autophagy in tumor cells through endoplasmic reticulum (ER) stress response and protein kinase R (PKR)-like ER kinase (PERK) activation (15, 16) . Notably, IL-24 can sensitize radiotherapy or chemotherapy of tumors and exert profound bystander antitumor activities, leading to the augmentation of antitumor efficacy (10) . Thus, IL-24 as a promising tumor suppressor has been hailed as a 'magic bullet' for cancer. Gene therapy represents a novel therapeutic strategy against cancer including NPC (17), and is based on the introduction of genetic material such as a tumor-suppressor gene and small short hairpin RNA (shRNA) targeting an oncogene or a pro-angiogenic factor gene into tumor cells. The combination of gene therapy and conventional radiotherapy or chemotherapy can improve antitumor benefits and reduce side-effects (18, 19) . IL-24 has been shown to exhibit striking radiosensitizing effects in a diverse spectrum of tumors (12, 20, 21) . We previously demonstrated that adenovirus-mediated IL-24 (AdVIL-24) gene therapy can elicit potential antitumor activity in human laryngocarcinoma (22) . However, the therapeutic effect of AdVIL-24 alone or combined with ionizing radiotherapy on human NPC is still elusive. In the present study, we investigated the therapeutic efficacy of AdVIL-24 gene therapy combined with ionizing radiation in vitro in CNE-2Z human NPC (nonkeratinizing carcinoma) cells and in vivo in an athymic nude mouse CNE-2Z human NPC xenografted tumor model, and we also elucidated the underlying mechanisms.
Materials and methods
Adenoviruses, cell lines, reagents and mice. The recombinant replication-incompetent Ad5E1-and E3-deleted adenovirus AdVIL-24/green fluorescent protein (GFP) (termed AdVIL-24) expressing both human IL-24 and GFP and its control blank adenovirus AdVGFP (termed AdV) expressing GFP but no human IL-24 were constructed in our laboratory (23) , at the Cell and Molecular Biology Institute, College of Medicine, Suzhou University (Suzhou, Jiangsu, China). The CNE-2Z human NPC cell line was purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The CNE-2Z tumor cells were cultured in RPMI-1640 (Invitrogen, Shanghai, China) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), respectively. The TRIzol and reverse transcriptase polymerase MuMLV were purchased from Invitrogen. The DL2000 DNA marker was purchased from Takara (Shanghai, China). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) kit and mammalian cell lysis kit were purchased from Sigma (Shanghai, China). The propidium iodide (PI) cell cycle detection kit and Annexin-PE/7-AAD apoptosis detection kit were purchased from Nanjing Kaiji Biological Engineering Co., Ltd. (Nanjing, Jiangsu, China). The antibodies specific for IL-24, P21, P27, cyclin E, cyclin-dependent kinase 2 (CDK2), Bcl-2, Bax, caspase-3/cleaved caspase-3, β-actin, CD34 and VEGF were purchased from Abcam (Shanghai, China). The SuperEnhanced chemiluminescence detection kit was purchased from Applygen Technologies, Inc. (Beijing, China). The UltraSensitive™ SP kit was purchased from Maixin (Fuzhou, Fujian, China). The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) apoptosis detection kit was purchased from Beyotime Institute of Biotechnology (Beijing, China). Male athymic BALB/c nude mice (4-to 6-week-old) were purchased from the Shanghai Experimental Animal Center (Shanghai, China) and maintained in the animal facility at Soochow University according to the Animal Research Committee Guidelines of Soochow University.
AdVIL-24 gene transfer.
To evaluate the optimal multiplicity of infection (MOI) for a maximal adenoviral infection and human IL-24 transgene expression in CNE-2Z tumor cells, the CNE-2Z human NPC cells were infected with recombinant adenovirus AdVIL-24 expressing both human IL-24 and marker GFP or control blank adenovirus AdV expressing GFP at various MOIs (0, 10, 25, 50, 100 and 200), respectively. The GFP expression and adenoviral infection efficiency were then examined by fluorescence microscopy. Moreover, adenovirusdirected human IL-24 transgene expression in CNE-2Z NPC cells was determined by reverse transcription (RT)-PCR and western blot analysis as described previously (24) .
Flow cytometric analysis.
To select an optimal irradiation dose in the in vitro combined experiment of AdVIL-24 gene therapy and ionizing radiotherapy for CNE-2Z tumor cells, the CNE-2Z human NPC cells were cultured in T25 flasks at 1x10 6 cells/flask. Forty-eight hours later, the tumor cells were irradiated at various doses (2, 4, 6 and 8 Gy) using a 60 Co-γ source (1 Gy/min). After another 24-h incubation, the irradiated and unirradiated CNE-2Z tumor cells were harvested, washed with cold PBS and then subjected to apoptosis analysis by flow cytometry using Annexin V-PE (early apoptotic marker) and 7-AAD (late apoptotic marker) double staining following the manufacturer's instructions. Briefly, the tumor cells (1x10 5 ) were incubated in the presence of 5 µl Annexin V-PE and 5 µl 7-AAD in 100 µl of 1X Annexin V binding buffer at room temperature. After a 15-min incubation, 400 µl of 1X binding buffer was added and the apoptotic cells were then analyzed by flow cytometry. To further assess the combined effect of AdVIL-24 plus radiotherapy on cell cycle profiles and apoptosis of CNE-2Z tumor cells, the CNE-2Z human NPC cells were also cultured in T25 flasks at 1x10 6 cells/flask. After a 24-h incubation, the CNE-2Z tumor cells were infected with AdVIL-24 or AdV used as a blank adenovirus control at the MOI of 100. The medium containing PBS without the adenovirus was used as a cell control (PBS control). Twenty-four hours post adenoviral infection, the tumor cells were further exposed to radiation at the optimal dose of 4 Gy. The experiments were divided into 5 groups: PBS, AdV, AdVIL-24 alone, 4 Gy alone and AdVIL-24 plus 4 Gy. Twenty-four hours after irradiation, tumor cells were then processed to analyze apop-tosis by flow cytometry as described above. In addition, the cell cycle distribution of treated and untreated CNE-2Z tumor cells was determined using PI staining by flow cytometric analysis. In brief, these cells were harvested and washed in cold PBS. The cell pellets were fixed in 70% cold alcohol for more than 24 h at 4˚C, washed in cold PBS, stained with PI solution [50 µg/ml PI, 50 µg/ml RNase A and 0.1% (v/v) Triton X-100] at 4˚C in the dark for 30 min, then washed and analyzed by flow cytometry.
MTT assay. The in vitro suppressive effect of AdVIL-24 plus ionizing radiation on CNE-2Z human NPC cells was determined by MTT assay. The CNE-2Z tumor cells were dispensed into 96-well culture plates at 1x10 4 cells/well. After a 24-h incubation, the CNE-2Z tumor cells were infected with 100 MOI AdVIL-24 or AdV or without the adenovirus (PBS control) followed by irradiation with an optimal dose of 4 Gy at day 1 after infection. Before treatment and at different time points after single and/or combined treatment, the viability of CNE-2Z tumor cells was then analyzed using the MTT kit according to the manufacturer's protocol.
Clonogenic survival assay. The in vitro inhibitory effect of AdVIL-24 plus ionizing radiation on CNE-2Z human NPC cells was also assessed by clonogenic survival assay. Briefly, 24 h after infection, the 100 MOI AdVIL-24-and AdV-infected CNE-2Z tumor cells or uninfected control CNE-2Z tumor cells were dispensed into 6-well culture plates at 200 cells/well, and then irradiated with 4 Gy. After another 2 weeks of culture, the cells were washed with PBS, fixed with methanol and stained with 0.1% crystal violet. The number of colonies was then manually counted under a microscope. The colonies consisting of 50 or more cells were considered to be survivors.
Western blot analysis. The CNE-2Z human NPC cells were treated with PBS, AdV (100 MOI), AdVIL-24 (100 MOI) alone, 4 Gy alone and AdVIL-24 (100 MOI) plus 4 Gy as described above. Twenty-four hours after irradiation, these cells were collected, washed with cold PBS and lysed in lysis buffer (1x10 7 cells/1 ml lysis buffer) for preparation of total cellular lysate using the mammalian cell lysis kit. The protein concentration was determined by BCA protein assay using a spectrophotometer. The total cellular lysates (100 µg/lane) were resolved by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane for western blot analysis using a panel of antibodies specific for P21, P27, cyclin E, CDK2, Bcl-2, Bax and caspase-3 (pro-caspase-3 and cleaved caspase-3), respectively. The membrane was then washed and developed using the SuperEnhanced chemiluminescence detection kit. The protein bands were visualized after exposure of the membranes to Kodak X-ray film.
Real-time quantitative RT-PCR analysis.
The in vitro expression of P21, P27, cyclin E, CDK2, Bcl-2 and Bax in the treated and untreated CNE-2Z human NPC cells was confirmed by SYBR-Green I-based real-time quantitative RT-PCR analysis using the following primers: P21-F, 5'-ccc gtg agc gat gga ac-3' and P21-R, 5'-aaa tct gtc atg ctg gtc tgc-3'; P27-F, 5'-gtc taa cgg gag ccc gag cct gg-3' and P27-R, 5'-gaa ggc cgg gtt ctt ctt ggg cg-3'; cyclin E-F, 5'-tgg cgt tta agt ccc ctg ac-3' and cyclin E-R, 5'-tca gtt ttg agc tcc ccg tc-3'; CDK2-F, 5'-ctc cag ggc cta gct ttc tg-3' and CDK2-R, 5'-ttc agg agc tcg gta cca ca-3'; Bcl-2-F, 5'-tgt ggc ctt ctt tga gtt cg-3' and Bcl-2-R, 5'-cta ccc agc ctc cgt tat cc-3'; Bax-F, 5'-gga tgc gtc cac caa gaa-3' and Bax-R, 5'-gca ctc ccg cca caa aga-3'; and β-actin-F, 5'-tgc gtg aca tta agg aga ag-3' and β-actin-R, 5'-ctg cat cct gtc ggc aat g-3'. The cDNA quantities were normalized to the internal control gene β-actin measured in the same samples. Relative gene expression was calculated using the pooled cDNA from all samples by the 2 -ΔΔCT method as described previously (25, 26) . The authenticity of PCR products was verified by melting curve analysis and agarose gel electrophoresis. Each sample was analyzed in triplicate in an independent reaction and the experiment was repeated three times.
Animal studies. The male athymic BALB/c nude mice were subcutaneously (s.c.) inoculated in the armpit of the right anterior limb with 2x10 6 CNE-2Z human NPC cells and then monitored daily for tumor growth. Tumor volume was measured with a caliper and calculated using the formula, Tumor size = ab 2 /2, where a is the larger and b is the smaller of the two dimensions. When tumors grew to a mean tumor volume of ~100 mm 3 , the CNE-2Z human NPC s.c. xenografted tumorbearing mice were subjected to AdVIL-24 human gene therapy by multi-point intratumoral injection of AdVIL-24 (1x10 8 ), AdV (1x10 8 ) or PBS every other day for a total of 6 times, respectively. Following the second AdVIL-24 gene therapy, the mice bearing CNE-2Z xenografted tumors were further assigned to receive single radiotherapy at a dose of 10 Gy/tumor using a 60 Co-γ source (1 Gy/min) as reported previously (27) . All the mice for radiation were anesthetized with 10% chloral hydrate (3 µl/g body weight) and positioned in the radiation field so that only the tumor xenograft implanted on the armpit of the right anterior limb was exposed to the irradiation beam and the rest of the mouse's body was shielded by a lead block. Tumor progression and regression were monitored, and the tumor volume was measured daily. In addition, the tumor-bearing mice were sacrificed 2 weeks after treatment, and the CNE-2Z human NPC s.c. xenografted tumors were removed, weighed, fixed with 10% neutral formalin and embedded in paraffin for hematoxylin and eosin (H&E) staining and immunohistochemistry analysis.
Immunohistochemistry. The in vivo expression of P21, P27, cyclin E, CDK2, Bcl-2, Bax, cleaved caspase-3, CD34 and VEGF in the treated and untreated CNE-2Z human NPC s.c. xenografted tumors was examined by immunohistochemistry using the UltraSensitive™ SP kit following the manufacturer's instructions. The presence of buffy or brown diaminobenzidine precipitates is indicative of positive reactivity. The integral optical density (IOD) of immunohistochemical intensity was analyzed by Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA). In addition, the microvessel density (MVD) was assessed by CD34 immunostaining as described previously (28) . Any endothelial cell cluster immunoreactive for CD34 clearly separated from adjacent microvessels was considered as a single countable vessel. To detect the apoptotic cells in vivo in the CNE-2Z human NPC xenografted tumors, tumor sections were further analyzed for apoptosis using the TUNEL apoptosis detection kit according to the manufacturer's protocols. Each value represents IOD, microvessels or apoptotic cells counted at a high-power view (x200) by microscopy. The mean value represents the average number derived from five high-power fields of each case.
Statistical analysis and evaluation of combinatorial interaction.
All data are presented as the mean ± standard deviation (SD). The significance of the difference between groups was evaluated by one-way or two-way repeated measure analysis of variance (ANOVA) and multiple comparisons with SPSS 10.0 software (SPSS, Chicago, IL, USA). A value of P<0.05 was considered statistically significant. The interactive effects of AdVIL-24 and radiotherapy were evaluated by Q-value (29), Q = F(A + B)/FA + (1 -FA)FB, where F(A + B) represents the fraction affected by combined treatment with AdVIL-24 plus radiotherapy compared to the untreated control group, FA represents the fraction affected by AdVIL-24 alone and FB represents the fraction affected by radiotherapy alone. A value of Q>1.15 indicates a synergistic effect between AdVIL-24 and radiotherapy, Q<0.85 indicates an antagonistic effect and Q between 0.85 and 1.15 indicates an additive effect.
Results
Transgene IL-24 overexpression. To assess the optimal MOI for a maximal adenovirus-directed IL-24 transgene expression with minimal adenovirus itself-induced cytotoxic effect, CNE-2Z human NPC cells were infected with AdVIL-24 or AdV at various MOIs, and then examined under fluorescence microscopy. As shown in Fig. 1A , more than 90% of GFP expression was observed in the CNE-2Z tumor cells treated with AdVIL-24 or AdV at a MOI of 100 or above (data not shown), whereas the GFP expression was not found in the untreated control CNE-2Z tumor cells. In addition, there was almost no adenovirus-elicited cytotoxicity in the 100 MOI blank AdV-infected CNE-2Z tumor cells (Fig. 1A) . Therefore, we selected a MOI of 100 as an optimal dose for the adenoviral infection of the CNE-2Z tumor cell line in the following experiments. To further determine AdVIL-24 expression, the AdVIL-24-or AdV-treated and untreated CNE-2Z tumor cells were subjected to RT-PCR (Fig. 1B) and western blotting (Fig. 1C) analysis, respectively. These results indicated that exogenous IL-24 transgene mediated by the adenoviral transfer was efficiently expressed in the AdVIL-24-infected CNE-2Z tumor cells at both the transcriptional and translational levels.
Enhanced tumor suppression by AdVIL-24 plus radiation.
Before performing experiments involving a combination of AdVIL-24 gene therapy plus ionizing radiotherapy, we first carried out a radiation dose-assessing study in vitro in the CNE-2Z human NPC cells by flow cytometric analysis of apoptosis. As shown in Fig. 2A and B, irradiation with various doses resulted in dose-dependent apoptosis in the CNE-2Z tumor cells. A slight induction of apoptosis in the CNE-2Z tumor cells was observed at 2 Gy (14.51% early apoptosis). Moderate apoptotic induction was observed at 4 Gy (26.13%), and significant apoptotic induction was observed starting at 6 Gy (41.46%) with maximum induction observed at 8 Gy (61.75%). To avoid the serious side-effects of a high dose of radiation and in order to leave a window for the observation of combined effect, we chose 4 Gy as the radiation dose in the in vitro combined treatment with AdVIL-24 gene therapy for CNE-2Z human NPC cells. To examine the combined antitumor effect of AdVIL-24 plus radiotherapy in vitro on the CNE-2Z tumor cells, CNE-2Z human NPC cells were treated with AdVIL-24 (100 MOI), AdV (100 MOI), PBS or 4 Gy alone, or AdVIL-24 (100 MOI) plus 4 Gy. The tumor cell viability was determined daily for 4 days by MTT assay. As shown in Fig. 2C , the combined treatment with AdVIL-24 gene therapy plus 4 Gy radiotherapy additively inhibited the in vitro CNE-2Z tumor cell growth in a time-dependent manner, compared with the single AdVIL-24-and 4 Gy-treated group (P<0.05; Q= 0.916 and 1.050, at day 3 and 4 after treatment, respectively). The in vitro combined tumor-suppressive effect of AdVIL-24 gene therapy plus ionizing radiotherapy on CNE-2Z human NPC cells was confirmed by clonogenic survival assay (Fig. 2D ) (P<0.05; Q=1.074). To further explore whether the combination of AdVIL-24 plus radiotherapy exerts an in vivo enhanced antitumor effect, the athymic nude mice bearing CNE-2Z human NPC s.c. xenografted tumors were intratumorally injected with AdVIL-24, AdV or PBS alone, or irradiated with 10 Gy alone or in combination with intratumoral injection of AdVIL-24. The tumor growth in vivo was monitored daily, and tumor volume and weight were measured. As shown in Fig. 2E -G, the tumor growth was more significantly retarded in the AdVIL-24 plus 10 Gy group, compared with single AdVIL-24-and 10 Gy-treated groups (P<0.05; Q volume =1.099, 1.098, 0.981, 1.127 and 1.053, at day 6, 8, 10, 12 and 14 after treatment, and Q weight =1.004, respectively), indicating that the combination treatment with AdVIL-24 plus 10 Gy markedly suppressed CNE-2Z human NPC s.c. xenografted tumor growth in vivo in the athymic nude mice with an overlapping effect.
Alteration in cell cycle distribution and enhanced induction of apoptosis by AdVIL-24 plus radiation.
To explore the mechanism by which combination therapy with AdVIL-24 and radiation additively suppresses tumor cell growth, the in vitro cell cycle profiles and apoptosis of the CNE-2Z cells treated with AdVIL-24 or 4 Gy alone, or AdVIL-24 plus 4 Gy for 48 h were analyzed using PI single staining, and Annexin V-PE/7-AAD double staining by flow cytometry, respectively. As shown in Fig. 3A , compared with the PBS (51.61%) and AdV (53.52%) control group, a significant increase in the G1 phase population was observed in the AdVIL-24 (70.22%), Fig. 3B and C) . Compared with the single AdVIL-24-and 4 Gy-treated groups, treatment with AdVIL-24 plus 4 Gy more efficiently elicited CNE-2Z tumor cell apoptosis with an overlapping effect (P<0.05; Q=1.042). To further assess the induction of apoptosis in vivo, we performed a TUNEL assay in the treated and untreated CNE-2Z human NPC s.c. xenografted tumors by immunohistochemistry analysis (Fig. 3D and E) . Consistent with the flow cytometric results in vitro, AdVIL-24 plus radiation also had an additive effect on the in vivo apoptosis induction of CNE-2Z human NPC cells s.c. implanted in the athymic nude mice (P<0.05; Q=0.974).
Enhanced upregulation of P21 and P27 CDK inhibitors (CDIs) and Bax/Bcl-2 as well as downregulation of cyclin E and CDK2 following treatment with AdVIL-24 plus radiation.
To further elucidate the molecular mechanism underlying the antitumor effect mediated by combined therapy of AdVIL-24 plus radiation, the expression levels of cell cycle regulatory molecules such as P21 and P27 CDIs, cyclin E and CDK2 and apoptosis-related proteins including Bcl-2, Bax and caspase-3 in the CNE-2Z cells after different treatments were analyzed by western blotting. As shown in Fig. 4A , the expression of P21, P27, and Bax in the AdVIL-24, 4 Gy and AdVIL-24 plus 4 Gy groups was significantly increased, whereas the expression of cyclin E, CDK2 and Bcl-2 was decreased. In addition, cleavage of caspase-3 was noted in the AdVIL-24, 4 Gy and AdVIL-24 plus 4 Gy groups but not in the PBS and AdV groups. Moreover, the combined treatment of AdVIL-24 plus radiation resulted in an enhanced effect on the upregulation of P21 and P27 CDIs and the ratio of pro-apoptotic to anti-apoptotic molecules Bax/Bcl-2, downregulation of cyclin E and CDK2 and activation of caspase-3. The effect of AdVIL-24 plus radiation on in vitro expression of P21, P27, cyclin E, CDK2 and Bax/Bcl-2 in CNE-2Z tumor cells and in vivo expression of P21, P27, cyclin E, CDK2, Bax/Bcl-2 and cleaved caspase-3 in CNE-2Z NPC s.c. xenografted tumors was further confirmed by real-time quantitative RT-PCR analysis (Fig. 4B) 
Enhanced reduction of MVD by AdVIL-24 plus radiation.
Tumor angiogenesis plays a critical role in cancer progression. To examine the combined effect of AdVIL-24 plus radiation on tumor angiogenesis in vivo, the MVD in CNE-2Z human NPC s.c. xenografted tumors was analyzed by CD34 immunohistochemical analysis. The positive expression of CD34 was mainly presented as brownish yellow or brownish granules in vascular endothelial cells of the CNE-2Z human NPC s.c. xenografted tumors (Fig. 5A) . Compared with the PBS and AdV groups, the CD34 expression of tumor vascular endothelial cells in the AdVIL-24, 10 Gy and AdVIL-24 plus 10 Gy groups was weaker or less ( Fig. 5A and B) (P<0.05) . In addition, the MVD (Fig. 5C ) determined in the AdVIL-24, 10 Gy and AdVIL-24 plus 10 Gy groups was significantly less than that in the PBS and AdV groups (P<0.05). Moreover, AdVIL-24 gene therapy plus 10 Gy radiotherapy had an overlapping effect The total cellular RNAs derived from CNE-2Z tumor cells after different treatments were subjected to SYBR-Green I-based real-time quantitative RT-PCR analysis using primer sets specific for P21, P27, cyclin E, CDK2, Bcl-2, Bax and β-actin. In each case, the transcriptional expression of P21, P27, cyclin E, CDK2 and Bax/Bcl-2 was normalized to the expression level of β-actin, and the relative change was expressed as a ratio, with 1 being the value for PBS-treated control cells. AdVIL-24 suppresses radiation-induced expression of VEGF, a pro-angiogenic factor. Tumors can express pro-angiogenic factors, which promote the formation of tumor blood vessels and consequently facilitate tumor growth in vivo. To investigate whether AdVIL-24, radiation, or their combination affectes the production of pro-angiogenic factors, we assessed VEGF expression in vivo in the CNE-2Z human NPC s.c. xenografted tumors by immunohistochemical analysis. As shown in Fig. 5A and B, some constitutive expression of VEGF was apparent in the PBS or AdV groups. AdVIL-24 alone significantly inhibited the expression levels of VEGF (P<0.05). However, radiation alone substantially enhanced its expression (P<0.05). Of note, AdVIL-24 potentially blocked radiation-induced enhancement of VEGF expression, indicating that AdVIL-24 gene therapy is capable of impairing the radiation-elicited pro-angiogenic activity via suppressing the production of pro-angiogenic factors such as VEGF.
Discussion
NPC is a major malignant tumor of the head and neck region, with high a incidence in Southern China and Southeast Asia. Radiotherapy or combination with chemotherapy is currently the mainstay of proven treatment strategies. However, the local recurrence and distant metastasis noted in NPC remains a significant obstacle to therapeutic strategies, which is a main reason for treatment failure. Thus, the development of novel therapeutic approaches for NPC is of paramount importance. Gene therapy is a promising treatment modality for cancer. Preclinical studies and clinical trials have shown that AdV p53 gene therapy alone or combined with ionizing radiotherapy and chemotherapy exerts strong antitumor potential in NPC (18, (30) (31) (32) . Extensive studies have demonstrated that IL-24 can specifically induce apoptosis in a large variety of tumor cells, suppress tumor angiogenesis, stimulate immune responses, promote bystander antitumor activity and enhance radio-and chemo-sensitivity. Therefore, this prompted us to extend previous research and examine the therapeutic effect of AdVIL-24 gene therapy combined with ionizing radiation on NPC. In this study, we found that AdVIL-24 gene therapy combined with ionizing radiotherapy induced enhanced growth suppression, G1 phase arrest and apoptosis in vitro in CNE-2Z human NPC cells. Moreover, AdVIL-24 plus radiotherapy also additively inhibited in vivo CNE-2Z human NPC s.c. xenografted tumor growth in athymic nude mice.
Cyclins, CDKs and CDIs are necessary for cell cycle progression. The activities of these cyclin/CDK complexes are negatively regulated by CDIs by directly preventing CDK phosphorylation and inhibiting their activity. P21 and P27 as important members of the CDIs belong to the Cip/Kip family and suppress the activation of cyclin E-CDK2, cyclin D-CDK4 and cyclin A-CDK2 complexes, leading to cell cycle G1 phase arrest (33, 34) . Initiation of apoptosis induced by irreparable cellular damage is a key mechanism by which ionizing radiation kills cancer cells. Members of the Bcl-2 protein family are known to be key regulators of apoptosis and crucial determinants of cellular fate (35) . Bcl-2 is an important anti-apoptotic protein containing four conserved Bcl-2 homology (BH) domains, which heterodimerizes pro-apoptotic protein Bax and its overexpression protects cells from apoptosis induced by different stimuli. The ratio of pro-apoptotic to anti-apoptotic molecules such as Bax/Bcl-2 constitutes a rheostat that sets the threshold of susceptibility to apoptosis for the intrinsic pathway, including pore formation in the mitochondrial outer membrane, loss of mitochondrial integrity and the release of cytochrome c into the cytosol followed by the cleavage of caspase-9 and -3 (35) . Thus, overlapping effect of AdVIL-24 plus radiation on the upregulation of P21 and P27 CDK inhibitors and Bax/Bcl-2 ratio, downregulation of cyclin E and CDK2 and activation of caspase-3 may be responsible for the enhanced induction of G1 phase arrest and apoptosis, and consequent additive growth suppression in NPC.
Tumor angiogenesis is a prerequisite for successful tumor growth and formation of metastasis, and is regulated by the balance of tumor-derived pro-angiogenic and anti-angiogenic factors. Thus, tumor angiogenesis is a potential therapeutic target in anticancer therapy. It has been shown that VEGF is a crucial pro-angiogenic factor for tumor angiogenesis (36) . Accumulating evidence also suggests that ionizing radiation can induce VEGF production and subsequently facilitate the formation of tumor vessels, leading to tumor regrowth and accelerated metastasis (37, 38) . Combined therapy with radiotherapy and an angiogenesis inhibitor can override the ionizing radiation-elicited pro-angiogenic activity, thereby exhibiting enhanced antitumor activity. In our study, we demonstrated that AdVIL-24 gene therapy plus ionizing radiotherapy additively inhibited CD34 expression and reduced MVD in CNE-2Z human NPC s.c. xenografted tumors, which may be another important mechanism involved in AdVIL-24 plus radiationmediated in vivo enhanced growth inhibition of CNE-2Z human NPC xenografted tumors in athymic nude mice. In agreement with a previous report (37) , ionizing radiation alone abundantly elevated the levels of the pro-angiogenic factor VEGF. Notably, AdVIL-24 efficiently blocked the upregulation of VEGF induced by radiation, likely contributing to the enhanced anti-angiogenic effect.
Taken together, AdVIL-24 gene therapy plus ionizing radiotherapy induced enhanced growth inhibition, cell cycle G1 phase arrest and apoptosis in vitro in CNE-2Z human NPC cells and in vivo in CNE-2Z xenografted tumors s.c. implanted in athymic nude mice. Mechanistically, AdVIL-24 combined with ionizing radiation led to the substantial upregulation of P21 and P27 CDK inhibitors, ratio of pro-apoptotic to anti-apoptotic molecules Bax/Bcl-2 and cleaved caspase-3 as well as downregulation of cyclin E and CDK2 in vitro and in vivo in CNE-2Z human NPC cells. Furthermore, AdVIL-24 plus radiation additively reduced the tumor vessel CD34 expression and MVD in vivo. More importantly, AdVIL-24 potentially blocked the radiation-induced enhancement of VEGF. The enhanced antitumor activity against NPC elicited by AdVIL-24 gene therapy combined with ionizing radiotherapy was closely associated with the enhanced induction of G1 phase arrest and apoptosis via the additive modulation of cell cycle regulatory molecules and activation of the intrinsic apoptotic pathway, and the overlapping inhibition of tumor angiogenesis. Thus, our results suggest that AdVIL-24 gene therapy combined with ionizing radiotherapy may be a novel and effective treatment strategy for human NPC.
